The online version of this article, along with updated information and services, is located on ABSTRACT: Sows subjected to prenatal stress have been found to produce offspring that have altered responses to stress. Our objective was to determine if exposing a sow to stress would alter the response of the offspring to lipopolysaccharide (LPS) at 2 mo of age or their response to mixing stress at 4 mo of age. Sow treatments consisted of intravenous injections of ACTH (1 IU/kg of BW), exposure to rough handling for a 10-min duration (rough), or no treatment (control) once per week from d 42 to 77 of gestation. At 2 mo of age, pigs from each treatment, 1 per litter (n = 21, 17, and 15 for the ACTH, rough, and control treatments, respectively), were challenged with 2 μg of LPS/kg of BW or saline, or served as a noninjected control. Their behavioral response to a human approach test and salivary cortisol were measured. At 4 mo of age, 1 pig from each treatment (n = 14, 14, and 15 for the ACTH, rough, and control treatments, respectively) was taken from its home pen and placed in a pen of unfamiliar pigs. At this time, a punch biopsy wound (6 × 6 mm) was created to measure the ability of the pig to heal the wound. At this same time, each pig received a 1-mL intramuscular injection of 20% ovine red blood cells (oRBC), and then a second injection of oRBC at 21 d postmixing. Blood samples were collected 3 times per week for 2 wk and then once a week for 4 more weeks. Blood samples were analyzed for cortisol, porcine corticosteroid-binding globulin, antibody response to oRBC, and nitric oxide production by macrophages. Behavior was recorded during the first 5 d after mixing. All pigs in the LPS challenge responded with characteristic sickness behavior; however, pigs in the rough treatment showed less sickness behavior than those in the other 2 treatments (P < 0.05). Maternal stress treatment did not affect (P < 0.43) salivary cortisol. Pigs from all treatments responded similarly to mixing stress with regard to cortisol, porcine corticosteroid-binding globulin, antibody titers, nitric oxide production, and hematology measures, and all pigs experienced the same amount of aggression in response to mixing. Without altering peripheral measures of stress responsivity, prenatal stress enhanced the ability of pigs to cope with a simulated immune challenge, which could prove to be an adaptation to challenging environments.
INTRODUCTION
Prenatal stress, the stress imposed on a pregnant dam, influences her subsequent offspring by altering characteristics of the hypothalamic-pituitary-adrenal (HPA) axis (Haussmann et al., 2000; Kanitz et al., 2003; Otten et al., 2010) . Increases in maternal cortisol, through either exogenous ACTH (Haussmann et al., 2000) or social stress (Jarvis et al., 2006) , caused offspring to have an increased cortisol response to mixing stress. In contrast, maternal ingestion of hydrocortisone acetate (HCA; Kranendonk et al., 2006a) did not increase the cortisol response of the offspring to mixing; in fact, these pigs were shown to have decreased basal cortisol. To further blur the issue, some research (Couret et al., 2009; Otten et al., 2010) has found no effect of prenatal stress on the cortisol response of the pig. Although prenatal stress research on HPA function has found diverse results, what is clear is that most studies find some alteration of the HPA axis in glucocorticoid response (mentioned above), binding globulins (Otten et al., 2010) , measures of adrenal physiology (Haussmann et al., 2000) , or HPA axis receptors (Haussmann et al., 2000; Kanitz et al., 2003) .
Activation of the HPA axis is known to affect immune function adversely; thus, it is important to understand if prenatal stress also affects the ability of pigs to combat immune challenges. Most prenatal stress studies in swine have focused on the HPA axis of the neonatal pig, with limited emphasis on immune capability. Thus, the focus of this research was to examine the interaction between the HPA response and immune system function. Therefore, in our first test, we induced sickness behavior in the pigs by using the lipopolysaccharide (LPS) challenge model (de Groot et al., 2007) , and in our second test, prenatally stressed pigs were subjected to stress while simultaneously challenged with healing a small wound and mounting an antibody response.
MATERIALS AND METHODS
The procedures reported herein were approved by the Purdue University Animal Care Committee. The treatments as applied to the sows have been reported previously (Lay et al., 2008) ; however, the pigs used in this study and the data presented are unique to this report.
Sow Treatments
Prenatal stress was created using our previously established methods (Lay et al., 2008) by subjecting gestating sows to injections of ACTH or rough handling during gestation. All sows (n = 64, parity 2 to 4) were housed in standard gestation stalls (2.21 × 0.61 m) within the same room. Sows (Landrace × Yorkshire) were either roughly handled (rough treatment, n = 21) during gestation, given an injection of ACTH (ACTH treatment, 1 IU/kg of BW, n = 21), or left undisturbed (control treatment, n = 22). Once daily during gestation, all sows were fed approximately 2.3 kg of a standard corn-and soybean meal-based gestation diet; intake was increased gradually to ad libitum after farrowing. All sows were allowed to farrow naturally. All sows were farrowed side-by-side in standard farrowing crates (1.4 × 2.5 m) with metal bars confining the sow within a 0.53 × 2.1 m area in the center of the crate. Pigs had access to the entire pen area. Expanded metal flooring covered the entire crate except for a 30.5 × 121.9 cm section of one of the side areas that had solid flooring. Each litter received heat from a 250-W lamp suspended above the solid floor area. Sows that tested not pregnant after allocation to treatment or that farrowed fewer than 6 pigs were not used in the study; thus, the final sample sizes were rough treatment, n = 20; ACTH treatment, n = 16; and control treatment, n = 20.
To invoke a state of prenatal stress, we handled the sows roughly in the rough treatment on d 42, 49, 56, 63, 70 , and 77 of gestation. This rough handling consisted of herding the sows down an alley (1.3 × 15.5 m) in the gestation barn for 10 min, with each sow receiving a mild electric shock from a battery-operated livestock prod (Hot Shot, Savage, MN) 3 times at approximately 1, 3, and 7 min. This rough handling regimen was designed to simulate a moderate, but real, stressor that sows might experience during their lives. The second treatment consisted of our ACTH injection model, which was developed from previous research (Haussmann et al., 2000) . The model of prenatal stress using ACTH injection was developed because, unlike subjecting a sow to a rough handling stress, injections of ACTH create a more uniform plasma cortisol response among sows without the amount of psychological stress caused by rough handling. These sows received intravenous injections of ACTH (1 IU/kg of BW, 1-39 Corticotropin A: A6303, Sigma Chemical Co., St. Louis, MO) on the same day of gestation that the roughly handled sows received their treatment. The control treatment allowed sows to remain in gestation stalls undisturbed. The entire study was conducted in 4 replications of n = 16, 18, 10, and 12, respectively, for sows entering the study. All pigs were weaned at approximately 3 wk of age and placed in mixed-sex groups of 6 (2 per dam treatment) into nursery pens. Group structure was maintained when the pigs were moved from the nursery at approximately 8 wk of age and placed into their growing-finishing pens for the remainder of the study.
LPS Challenge
At 9 wk of age, 53 pigs from separate litters, balanced by BW and sex, were subjected to an LPS challenge test. Pigs born to dams in the ACTH, rough, or control treatment (n = 21, 17, and 15, respectively) were injected intravenously with either 2 μg of LPS/ kg of BW (Escherichia coli, serotype O111:B4, Sigma Chemical Co.) or saline, or they served as noninjected controls (n = 20, 15, and 18, respectively) . Of the 18 pigs injected with LPS, 6 were from dams in the ACTH treatment, 8 were from dams in the rough treatment, and 6 were from dams in the control treatment. This test was administered to determine if prenatally stressed pigs had an altered sensitivity to an inflammatory stimulus. Injected pigs were caught from their pen and held on their backs in a V-trough while the treatment was injected intravenously in an ear vein. Noninjected control pigs were caught from their pen and held on their backs in the V-trough, but were not injected. Injection time was considered time 0. Saliva (1 mL) was collected for cortisol analysis at time −1, −0.5, 1, and 6 h relative to injection, and within 2 h of sampling, it was placed on ice until frozen. Saliva collection was accomplished by allowing the pig to chew on a piece of cotton that was tied to a string. The pigs freely chose to chew on the cotton and did not need to be restrained. An approach test was used to measure the relative sickness of each pig at −0.5, 1, and 4 h relative to injection. The approach test was conducted by having 1 person (always the same) enter the pen of the pig and stand in the middle. The pig was considered to have approached when it touched the observer with its snout. The test was conducted for a maximum of 2 min, and the latency for the subject pigs to approach was recorded.
Mixing Stress
Up to 16 wk of age, pigs had been housed in stable groups of 6 (2 per maternal treatment of ACTH, rough, or control). At this age, pigs were subjected to mixing stress whereby 1 pig (n = 14, 14, and 15, for the ACTH, rough, and control treatments, respectively; groups included 10, 10, and 5 females, respectively) was taken from its home pen and placed into another pen from which a pig had been removed. Thus, a group size of 6 was maintained and each group of 6 had 1 subject pig added that was unfamiliar to the 5 pigs. Allocation of subject pigs to pens was balanced by BW, sex, and prenatal treatment. Pigs per treatment in the pen were maintained. On the day that test pigs were mixed, a small wound was created in the skin of the left hind quarter by using a punch biopsy (6 × 6 mm, product 33-36, Miltex Instrument Co., Lake Success NY). At this same time, each subject pig received a 1-mL intramuscular injection of 20% ovine red blood cells (oRBC). They received a second injection of oRBC at 21 d postmixing.
Punch biopsies were evaluated on d 0, 2, 4, 7, 9, 11, 14, 16, and 22 after mixing, following our previous published procedures (Haussmann et al., 2000) . Briefly, evaluations consisted of a direct visual assessment to record inflammation and healing, and the biopsy wound was photographed from a distance of 30.5 cm from the wound for later wound scoring by 3 observers blinded to the treatments. Observers scored each biopsy wound from the photograph on a scale of 1 to 4, with 1 indicating no inflammation, 2 indicating slightly pink around the wound, 3 indicating a large red or pink ring around the wound, and 4 indicating a deep red ring around the wound with pus. In addition, a ruler was placed beside the wound for photography, and the wound length and extent of inflammation were measured (maximum width and length). Behavior was recorded for the first 5 d postmixing by time-lapse video (1 frame/0.4 s). Blood samples were collected from subject pigs on d 0, 2, 4, 7, 9, 11, 14, 21, and 35 postmixing. On d 0, all pigs were blood sampled and then placed into their respective pens beginning at 1100 h. Subsequent samples were collected to match the d 0 sampling times. To collect blood, each pig was snared in its pen and 3 separate intravenous blood samples were collected. One 3-mL blood sample was collected into an evacuated tube containing K 3 EDTA (7.5%) for cortisol and porcine corticosteroid-binding globulin (pCBG) analysis, and immune cell population quantification. Evacuated tubes containing heparin (143 USP units) were used to collect 10 mL of blood to test the ability of macrophages to produce nitric oxide. Evacuated tubes without anticoagulant were used to collect 5 mL of blood for measurement of antibody titers to oRBC. Blood samples to be analyzed for cortisol and pCBG were immediately placed in an ice bath until they were centrifuged (650 × g for 15 min) at 5°C within 2 h of sampling. Blood samples used to measure nitric oxide production were kept on ice until the assay was initiated 12 h later. Blood samples to measure antibody titers to oRBC were kept chilled overnight, and serum was separated and stored at −20°C until analysis.
Data Analysis
Cortisol concentrations (nmol/L) were determined on duplicate samples using standard RIA double-antibody kits (DiaSorin Inc., Stillwater, MN) previously validated for swine plasma (Daniel et al., 1999) . Samples were rerun if duplicates differed by more than 5%. Precision and accuracy of this assay were evaluated in triplicate using a swine plasma pool containing 100 ng/mL of cortisol, resulting in an intraassay CV of 7.1% and an interassay CV of 7.9%. The concentration of pCBG (mg/L) in plasma was measured by a direct ELISA, as described by Roberts et al. (2003) . The intraassay CV was 9% and the interassay CV was 13.7%. The free cortisol index was calculated using the ratio of plasma total cortisol to pCBG concentration (le Roux et al., 2002) , as validated for swine (Adcock et al., 2006) .
Behavioral data were collected from video recordings using the Observer program (Noldus Information Technology, Leesburg VA). Three trained observers collected data from 30-min segments of video at 0900, 1300, and 1700 h for 5 d. The mixing and physiological sampling procedures were finished at approximately 1300 h; thus, the first behavioral observation was at 1700 h on d 0. Therefore, on d 0, data for only the 1700-h period was collected, and on d 5, data for only the 0900-and 1300-h periods were collected, for a total of 4 observations each at 0900, 1300, and 1700 h over the 5-d period. Agreement among the observers was verified for count data by performing 2 single-sample χ 2 tests on aggression received and aggression initiated. The probability of rejecting the null hypothesis was P > 0.2; thus, there were no differences in the scores for the 3 observers. The unbiased reliability of the 3 observers was r 3 = 0.97, computed from the appropriate ANOVA model. From the video recordings, mutually exclusive states were recorded as resting, sitting, moving, and eating. Agonistic behavior was recorded as aggression and paralleling. A modifier was included to designate whether the test pig was the initiator. Ag-gression was defined as the behavior exhibited by the pig when it thrust its mouth or head at the shoulders, neck, or head of another pig. The force of the contact could vary from a glancing contact to a forced contact that moved the recipient. Paralleling was defined as the interaction between 2 or more pigs in which they stood and moved shoulder to shoulder, facing in either the same or the opposite direction. It was defined as having stopped when the pigs stopped moving for more than 5 s, or when they first moved apart from one another for more than 5 s.
An aliquot of whole blood (approximately 60 μL) was analyzed using an automated hematology system (QBC Vet Autoread Hematology Analyzer, IDEXX Laboratories Inc., Westbrook, ME) to quantify hematocrit, hemoglobin, mean corpuscular hemoglobin, white blood cells, granulocytes, lymphocyte-monocyte population (the system could not reliably distinguish these 2 populations, so they were included as one), and reticulocytes. To test the ability of the macrophages of the pigs to produce nitric oxide, supernatants collected from isolated peripheral blood leukocytes cultured with and without LPS (10 and 20 μg/mL of media) were tested for nitrite based on the Griess reaction (Chou et al., 1996) . The absorbance at 550 nm was measured using a microplate reader.
To measure the antibody response to oRBC, serum collected from pigs was heated at 56°C for 30 min before testing its ability to inactivate the complement. Heatinactivated serum was serially diluted 1:2 with PBS in a 96-well round-bottom plate. Each sample was run in duplicate. An equal volume of washed 2% oRBC was plated with each dilution and in negative control wells. The sealed plate was incubated at room temperature in the dark for 24 h, and agglutination was determined using the agglutination drip method (Snyder et al., 1981) . The titer was recorded as the log 2 of the reciprocal of the greatest dilution giving a positive result.
Statistical Analysis
Data are presented as means ± SE. Data were analyzed using Proc Mixed with either a first-order autoregressive or heterogeneous first-order autoregressive covariate structure as appropriate (SAS Inst. Inc., Cary, NC), with a longitudinal analysis for data collected over time. The models included the fixed effects of repetition, day, sex, dam treatment, and LPS treatment (only for LPS tests), with pig included as a random effect in the model. Behavioral data collected during mixing were analyzed as compositional data using a log transformation, and models were fit in Proc Mixed with a correlation structure to capture the correlation among behaviors and over time. When significant differences (P < 0.05) were detected, appropriate adjustments (Tukey-Kramer or Bonferroni) were used for pairwise comparisons between treatments. Data for punch biopsy wound scores and LPS approach times were analyzed using the Kruskal-Wallis test. Data were considered to exhibit a trend when P > 0.05 and P < 0.10.
RESULTS

Pig Response to LPS
The main effect of prenatal stress treatment on approach times was not different (P = 0.36), but the interaction between prenatal stress treatment and LPS treatment was significant (P = 0. 0001). Injections of LPS caused a sickness response in pigs from all treatments (P = 0.0001), as measured by latency to approach the human observer in the pen (data not shown). Saline-injected and behavioral control pigs all responded similarly, with approach times of less than 20 s at all test times (data not shown). Before LPS injections, pigs would approach the observer within 17.25 ± 5.95 s; however, at 1 h postinjection, pigs that received LPS had an approach time of 93.85 ± 9.55 s, as opposed to saline-injected and behavioral control pigs, which approached within 10.00 ± 2.00 s. This same pattern was observed during the approach test at 4 h postinjection. Of the pigs injected with LPS, pigs in the rough treatment had a much shorter latency to approach at 1 h postinjection compared with pigs in either the ACTH or control treatment (Figure 1 ; P < 0.05). These differences were not present at 4 h postinjection because all pigs had quicker approach times.
Prenatal stress treatment did not affect salivary cortisol (P = 0.43). Response to the LPS treatment was significant (P = 0.004), with salivary cortisol tending to increase in response to LPS (P = 0.07; sampling time at −1 h of 1.97 ± 0.43, to 6.43 ± 1.72 nmol/L 1 h later, to 4.26 ± 1.38 nmol/L 6 h later; data not shown) as well as saline (P = 0.04; sampling time at −1 h of Means within time with different letters differ (P < 0.05).
0.86 ± 0.20, to 1.95 ± 0.45 nmol/L 1 h later, to 0.79 ± 0.44 nmol/L 6 h later). The salivary cortisol of behavioral control pigs remained constant at 2.29 ± 0.71 nmol/L between baseline and 1 h posthandling.
Pig Response to Mixing
Stress Response. Prenatal stress treatments did not alter the stress response of the pig to mixing. Pigs exhibited a heightened cortisol response to mixing on d 0, which decreased by d 35: 112.0 ± 22.9 and 77.8 ± 13.7 nmol/L, respectively (P = 0.01; data not shown). However, they did not show differences because of treatments (P = 0.81), nor were treatment differences exhibited for plasma concentrations of pCBG (P = 0.61), with pigs experiencing essentially static concentrations of 5.11 ± 0.07 mg/L overall except for d 0, when all treatments were relatively greater, at 5.97 ± 0.05 mg/L (P = 0.001). A sex difference was noted, with females having greater concentrations of pCBG than males: 5.44 ± 0.09 and 4.66 ± 0.11 mg/L, respectively. The free cortisol index also did not differ in response to treatment (P = 0.44; Figure 2 ) but did show a trend similar to plasma cortisol, with an increase on d 0 and a decline (P = 0.007) to the end of the study period.
Behavior. The activity of pigs was similar among all treatments during the week after mixing (P = 0.21; data not shown). Pigs spent similar amounts of time resting, moving, eating, and sitting. The amounts of aggression received, aggression initiated, and total aggression were the same for pigs in all treatments (P > 0.50). On d 1, pigs received a total of 7.6 ± 1.9 aggressive interactions during the 30-min observation period, compared with 2.4 ± 0.7 on d 5 after mixing. Pigs in all treatments performed a similar amount of paralleling behavior as well (P = 0.54). Of each 30-min observation period, pigs spent only 23.9 ± 3.2 s paralleling.
Immune Competence. The main effect of prenatal stress treatment was not significant for punch biopsy scores (P = 0.06); however, there was a significant time × treatment interaction (P = 0.02). Punch biopsy wound scores for pigs from all treatments did not differ over the first few days after mixing (P > 0.13); however, by d 7, the wounds of control pigs were healed more than those of pigs in the ACTH treatment, but not pigs in the rough treatment (P = 0.05; Figure  3 ). However, this trend was reversed on d 16 (P = 0.05). Few overall treatment differences were found for the hematology measures assayed (Table 1 ; P > 0.10). Wound length and inflammation did not differ by treatment (P > 0.70). However, percentages of granulocytes and lymphocytes-monocytes did show a treatment × time interaction, which was characterized by pigs in the ACTH treatment having more lymphocytes-monocytes and fewer granulocytes during the first week after mixing when compared with pigs in the other 2 treatments (P < 0.02). No treatment differences were observed in the ability of macrophages to respond to an LPS challenge with the production of nitric oxide (P = 0.82, data not shown). When macrophages were challenged with 10 μg of LPS, nitric oxide production was 332.8 ± 5.6, 329.3 ± 4.8, and 326.8 ± 5.1 μM for pigs in the control, ACTH, and rough treatments, respectively. Similar responses were found when macrophages were challenged with 20 μg of LPS. The antibody response to oRBC did not differ among treatments (P = 0.65). All pigs had a mean titer (agglutination, log 2 ) of 2.03 ± 0.34 on d 0; had their peak response to the first injection on d 11, with 4.47 ± 0.31; and peaked in response to their second vaccination, with 7.65 ± 0.55 on d 42 (the last day this was measured).
DISCUSSION
We found it interesting that prenatal stress, in the form of rough handling, actually improved the ability of the offspring to cope with the LPS challenge. One theory of the teleological function of prenatal stress is that it serves to prepare offspring for their future environment, based on the stress their dam experienced during their gestation. Many studies in the rodent literature (e.g., Ward, 1984; Henry et al., 1994; Vallée et al., 1996) that invoke prenatal stress have found that offspring have a heightened HPA axis response to stressors. A heightened HPA response can be adaptive in that it helps the offspring respond appropriately to stressors in the environment (Levine and Mullins, 1968) . Indeed, Lambert et al. (1995) found that prenatally stressed rats developed less ulceration when they were subjected to stress at 50 d of age. Furthermore, research in European wild rabbits (Cabezas et al., 2007) has shown that rabbits responding to a chronic stressor with a greater gluco- Figure 2 . Means (±SE) for the free cortisol index (nmol/mg) in response to mixing of pigs that were born to sows that received an ACTH injection (ACTH treatment; 1 IU/kg of BW), served as controls (control treatment), or were roughly handled (rough treatment). The free cortisol index was calculated by dividing plasma cortisol concentrations (nmol/L) by porcine corticosteroid-binding globulin concentrations (CBG, mg/L) of pigs sampled on d 0, 2, 4, 7, 9, 11, 14, 21, and 35. n = 14 for the ACTH treatment, n = 15 for the control treatment, and n = 14 for the rough treatment.
corticoid response actually had a greater survival rate in the wild. However, in our study, pigs in the rough treatment did not have greater salivary cortisol; thus, a heightened HPA response does not appear to be the method by which prenatal stress can enhance the ability of the pigs to cope with the LPS challenge.
Our findings are in agreement to those of de Groot et al. (2007), who also found that pigs from sows having received HCA during gestation expressed sickness behavior for a shorter duration in response to the LPS challenge used in this study. However, this finding was true only for pigs from dams who received treatments during midgestation (d 51 to 80 of gestation) as compared with dams receiving treatments in either early (d 21 to 50) or late (d 81 to 110) gestation. Pigs from dams treated in midgestation also mounted a less pronounced febrile response to the LPS challenge. The febrile response and sickness behavior are intimately associated because the LPS challenge will activate macrophages to release IL-1, causing stimulation of corticotrophin releasing factor and ACTH, and the onset of sickness behavior (see Hart, 1988 , for a review). In agreement with our study as well, these authors did not find differences in the salivary cortisol response of pigs to the LPS challenge. In light of these findings, it is unclear why salivary cortisol was not increased, implying that the changes in behavior are being regulated in the central nervous system through measures that we cannot observe in the peripheral system.
Another curious consideration is that the pigs in our rough treatment, but not those in the ACTH treatment, were better able to cope with the LPS challenge. Our ACTH treatment would be more analogous to the treatment used by de Groot et al. (2007) of oral administration of HCA in that both increase plasma cortisol. This is in contrast to our rough treatment, which brings with it a host of possible physiological responses associated with a real stressor that encompasses psychological stress. Of course, what both treatments have in common is that oral administration of HCA and rough handling will increase plasma cortisol, and it could be that the greater increase in plasma cortisol in sows in the ACTH treatment (previously reported by Lay et al., 2008) did not produce the same prenatal changes as when cortisol is increased to a lesser degree.
In this study, we found that prenatal stress did not alter either pCBG or plasma cortisol in swine. This in contrast to several studies (including one by the authors of the current study) that have found either increases in cortisol in response to stress (Haussmann et al., 2000; Jarvis et al., 2006) or decreases in cortisol in response to exogenous ACTH (Kranendonk et al., 2006b) . However, data from the current study are in agreement with several other studies that did not find changes in cor- Means with different letters differ (P < 0.05). tisol or pCBG in response to stressors (Otten et al., 2001, to exogenous ACTH; de Groot et al., 2007, to LPS challenge; Lay et al., 2008, to weaning; Couret et al., 2009 , to a novel environment or castration; Otten et al., 2010, to weaning or relocation) .
In our previous prenatal stress research (Haussmann et al., 2000) , we found behavioral differences in pigs, with control pigs expressing greater oral (vice) behaviors and a tendency to belly nose more. Thus, in the present experiment, we explored whether behavioral differences might be seen in older pigs. However, no differences were found in activity or aggressive behavior during mixing. This could be because the relatively stressful event of mixing masked any subtle differences that may have been present.
Most studies on prenatal stress in swine have focused on the HPA axis of the neonatal pig, with limited emphasis on older pigs or their immune capability. Thus, the focus of this research was to examine the interaction between the HPA response of pigs and immune system function. Instead of simply measuring immune cell populations or using an in vitro test of immune cell activity, we wanted to subject pigs to real immune challenges that occur in production agriculture. Punch biopsy data indicating that pigs in the ACTH treatment were slower to heal the wound on d 7 is in agreement with our earlier research (Haussmann et al., 2000) . However, the reverse being true on d 16 in the current study suggests that the impairment of pigs in the ACTH treatment was due to a heightened sensitivity to stress around d 7. Whether this reversal would have happened in the study by Haussmann et al. (2000) is unclear because the measurements were taken only through d 11. The reverse effect on d 16 was not due to the pigs in the ACTH treatment advancing their healing process, but instead to the control pigs actually regressing back to the wound score they had on d 7. This could be a natural regression in the wound-healing process because the wound scores of pigs in all treatments were numerically increased.
Pigs in our study did not exhibit many alterations in their hematology measures, ability to mount an antibody response to a foreign pathogen, or ability of their macrophages to produce nitric oxide. This was an unexpected result, but in view of the limited effect of the prenatal stress treatments on HPA axis function, it is not surprising. Although it would appear that the immune function itself is not driven by changes in HPA axis activity, it is clear that HPA axis activity has a broad impact on many variables of the immune system.
Our results suggest that although prenatal stress clearly has interesting effects on subsequent offspring, no simple cause-and-effect relationship exists. Our data, and those of others, indicate that this is not a robust phenomenon in swine that is capable of transcending differences in environment, genetics, or the quality or severity of stressors that are used in swine research. The literature on rodents, although also at times inconsistent, is much more consistent than the literature we have for swine. In part, this could be due to the relatively limited number of swine studies. However, the authors surmise that large differences in placental type between rodents and swine are the reason for the incongruent results between the 2 species. Swine have an epitheliochorial placenta composed of 6 tissue layers, whereas rodents have a hemochorial placenta composed of only 3 tissue layers of separation. The more significant barrier of the swine placenta may be preventing the passage of compounds that cause prenatal stress. It is encouraging that our results replicate those of de Groot et al. (2007) relative to the very intriguing finding of prenatal stress on what appears to be enhancement of the ability of a pig to cope with an infection behaviorally.
The results from the body of research that investigates prenatal stress in swine illuminates several areas of future research that need to be pursued. The lack of consistent results among laboratories, as well as within laboratories, is informative. Instead of indicating that prenatal stress is incomprehensible, we believe it is showing how individual uniqueness modifies or eliminates the effects of prenatal stress. With the many environmental factors identified above, individual phenotypes are further defined by the type and their perception of a stressor. Factor analyses using the multitude of factors identified may be fruitful in elucidating phenotypes that are resistant to or compliant with the effects of prenatal stress. The development of a livestock model for prenatal stress would also serve to advance our understanding of the mechanisms involved. For instance, Lay and Wilson (2002) proposed using the chicken to study the effects of prenatal stress. The chicken provides a unique opportunity for researchers to manipulate the developing fetus without confounding the effects derived from the maternal exchange of compounds that occurs in mammals. A final area of research that shows great potential focuses on the communication between the stress response (HPA axis and sympathoadrenal axis) and the immune system. It is well established that activation of the stress response causes a multitude of responses in the immune system (for a review, see Webster et al., 2002; Padgett and Glaser, 2003 ). Significant components of this response are changes in cytokine activity, which can influence HPA activity and prenatal development. For instance, it is known that IL-6 is able to cross from the maternal circulation to the fetus in midgestation (Dahlgren et al., 2006) , and that IL-6 derived from maternal circulation causes deficits in the behavioral response of adult mice to cope with stress (Smith et al., 2007) and decreases learning in adult rats . Interestingly, human patients diagnosed with depression have been shown to have serum IL-6 concentrations that are 10 times greater than those of control patients (Berk et al., 1997) . It would be interesting to determine if the affective state of livestock or chronic exposures to stress could be regulating responses through cytokine modulation. Because glucocorticoids have overt effects on cytokine regulation, future research to understand how cytokines regulate normal brain development will shed light on how prenatal stress causes differential effects on developing livestock.
